Although mechanical loading associated with exercise participation can lead to positive bone adaptation,'2 structural damage may result if loading is excessive. Stress fractures represent one form of breakdown in the skeleton.3 They can be defined as partial or complete fractures of bone that result from the repeated application of a stress less than that required to fracture bone in a single loading situation.4
While it is apparent that stress fracture development involves repetitive loading and the processes of both bone fatigue, with microdamage accumulation, and remodelling, the exact pathogenesis is unknown. Based on a review of published reports, we shall present two possible models for the pathogenesis of stress fractures in athletes. Understanding the pathogenesis may aid in the identification of factors which place an athlete at increased risk for this sports injury.
Historical perspective Stress fractures were first described in 1855 by Briethaupt, a Prussian military physician.5
Observing foot pain and swelling in young recruits unaccustomed to training, he considered the condition to be an inflammatory reaction in the tendon sheaths due to trauma. It was not until the advent of radiographs, 42 years later, that the signs and symptoms were attributed to fractures in the metatarsals.6 Later reports described similar occurrences in other bones such as the calcaneus,' fibula,' tibia,9 femur,'0 and pelvis." Although stress fractures have now been described in almost every bone in the body, they are more common in the bones of the lower extremity.
Most of the published reports on stress fractures derive from military experience. Stress fractures were first noted in civilians in 1921 Whether microdamage precedes or follows bone remodelling is unclear, as studies which investigate the temporal relations between microdamage production and bone remodelling have provided conflicting results. Mori and Burr50 reported findings consistent with the hypothesis that microdamage is followed by bone remodelling. By loading both limbs identically but for different periods, these investigators were able to show a significant increase in new remodelling events following the generation of microdamage, which occurred preferentially in fatigue damaged regions. However, there were still three times as many resorption spaces as microcracks, suggesting that factors other than microdamage also initiate remodelling. These factors may include systemic and reproductive hormones, dietary factors, and bone strain arising from mechanical loading.
Conversely, some human studies suggest that microdamage occurs at pre-existing sites of accelerated remodelling, where osteoclastic resorption weakens an area of bone and subjects it to higher strains, before the addition of new bone by osteoblasts." 57 64 In a temporal series of stress fracture biopsies mainly from the upper tibial cortex in humans, initial histology revealed accelerated cortical resorption.5964 Although no microfracture was seen at this stage, a thin crack was evident in many of the specimens a week later, followed by osteoblastic activity and new bone formation. However, these studies do not reveal the exact time course of changes in response to loading. It is possible that microdamage was present before osteoclastic resorption but was histologically undetectable.
The study by Li et al48 employed an exercising rabbit model to assess sequential pathological changes in the internal structure of the tibia during a 10 week period. Within the first week, osteoclastic resorption cavities appeared in the tibial cortex and interstitial lamellae, followed, in the second week, by small cracks at the cement line of the Haversian system, together with obvious osteoclastic resorption. By the third week, incomplete fracture of the tibial cortex was found in some specimens. Over the remaining six weeks, the resorption cavities gradually filled with bone and converted to Haversian bone. One specimen developed a cortical fracture. Thus most tibiae adapt successfully to changes in bone strain from repetitive loading through internal remodelling, but fractures may appear if excessive stress continues in a tibia weakened by osteoclastic resorption.
Indirect support for the hypothesis that accelerated remodelling, either local or generalised, may be pathogenic for stress fracture is provided by a prospective study of bone turnover in 104 male military recruits.65 Plasma hydroxyproline (a non-specific indicator of bone resorption), measured in the first week of a training programme, was significantly higher in those who subsequently sustained stress fractures than in those who remained uninjured. This supports the concept that increased bone turnover may be a stimulus for stress fracture development.
ROLE OF MUSCLES IN STRESS FRACTURE DEVELOPMENT
The role of muscle contraction in stress fracture development is unclear and may vary depending on the site of fracture. Nevertheless, the contribution of muscle to stress fracture pathogenesis is merely to alter the mechanical environment of bone. Some investigators consider that muscles act dynamically to cause stress fractures by increasing bone strain specifically at sites of muscle attachment.6667 For example, contraction of the calf muscles may contribute to calcaneal stress fracture through the Achilles attachment. Greater muscle mass with greater ability to generate force would thus be associated with an increased risk for stress fracture. However, stress fractures often occur at sites unrelated to muscle attachment. Since muscles also act to attenuate and dissipate forces applied to bone,68 muscle fatigue or muscle weakness could predispose to stress fracture by causing an increase and redistribution of stress to bone.6970 In the militia, leg power was not associated with stress fracture occurrence, although the testing method was relatively crude and non-specific.7' However, in both recruits72 and female athletes,7" a larger calf muscle circumference has been found to be associated with significantly fewer stress fractures. This supports the hypothesis that muscles act to protect against rather than cause stress fractures.
There have been no studies comparing muscle mass or muscle strength, particularly peak force production and fatigueability, in athletes with and without stress fractures. However, Grimston et afl4 found that during the latter stages of a 45 minute run, women with a past history of stress fracture recorded increased ground reaction forces, whereas these forces did not vary during the run in the control group. These investigators surmised that this may indicate differences in fatigue adaptation and muscle activity which could contribute to stress fracture development. 
